Summary. Several neural peptides have been demonstrated to influence central nervous system control of nutrient metabolism. The principal mechanism by which these peptides influence peripheral nutrient metabolism is by altering the secretion of adrenal epinephrine. Bombesin or its mammalian counterpart, gastrin releasing peptide, and TRF act within the brain to stimulate the secretion of epinephrine from the adrenal gland. Associated with these changes in epinephrine secretion is a reduction of plasma insulin and elevation of plasma glucagon and glucose. Somatostatin and various somatostatin analogs act in the brain to inhibit adrenal epinephrine secretion stimulation by a variety of stimuli.
The central nervous system can potentially modify nutrient metabolism or other visceral functions by one of three efferent mechanisms. The first of these is a humorally mediated control principally exerted by hypothalamic-pituitary hormone secretion, including growth hormone, thyrotropin, corticotropin. The second mechanism by which the central nervous system influences peripheral nutrient metabolism is by alterations of autonomic nervous system activity. A third mechanism could be via brain secretion of humoral substances which could modify peripheral metabolism directly. Although substances have been described to be present in hypothalamus which are capable of modifying pancreatic insulin and glucagon secretion [15, 17] , there is no evidence that these substances are released into the blood. A variety of studies have previously demonstrated, using lesion or stimulation methods, that the central nervous system is capable of exerting influence over ]peripheral metabolism of nutrients [14, 23] . The emergence of neuropeptides as a new class of intercellular brain messenger substances has led to studies assessing the role of these peptides in the CNS control of visceral functions. This paper will discuss the CNS actions of bombesin, thyrotropin releasing factor (TRF), somatostatin and somatostatin analogues te, influence peripheral glucose metabolism.
Bombesin
Bombesin is a 14 amino acid peptide originally isolated from frog skin by Erspamer and colleagues [12] . Recently a mammalian bombesin, termed gastrin releasing peptide (GRP), has been isolated and characterized [16] . Bombesin and GRP share a common decapeptide and moreover show identity in their actions in several biological assay systems [5] ( Table 1) . Bombesin immunoactivity, which probably represents a GRP-like peptide, is found[ in mammalian brain [9, 18] . Highest concentrations of [4] . Intracisternal (IC) or intracerebroventricular (ICV) administration of bombesin results in a prompt and sustained elevation of plasma glucose [6, 8] . This elevation of plasma glucose is not secondary to changes in peripheral glucose turnover, is not prevented by hypophysectomy, is prevented by adrenalectomy ( Fig. 1 ) and is associated with dramatic elevations of plasma epinephrine, glucagon and reduction of plasma insulin [8] . Since peripheral administration of bombesin does not produce these hormonal changes, it has been concluded that bombesin acts within some as yet undetermined CNS site to produce an adrenal medullary dependent hyperglycaemia in rats. Other studies have concluded that the mechanism by which hyperglycaemia develops in these animals is dependent on epinephrine induced changes in pancreatic insulin and glucagon secretion and not secondary to direct hepatic action of epinephrine to increase glucose production [8] . Attempts to identify the site of action of bombesin in changing adrenal epinephrine secretion have been unsuccessful. However, the anterior hypothalamic preoptic region does not appear to be involved in mediating this response. Studies have indicated that the effects of bombesin on temperature regulation result from bombesin actions in anterior hypothalamic preoptic region [20] . The recent demonstration of bombesin-like peptide in brain-stem nuclei [18] associated with sympathetic outflow suggests the possibility that bombesin might influence adrenal medullary sympathetic outflow at these sites. The structural specificity of bombesin in producing hyperglycaemia is supported by the observations that various analogues of bombesin with Cterminal modifications are totally inactive in this respect [22] . A variety of other unrelated peptides also failed to produce hyperglycaemia. Three other peptides tested have been found to produce varying degrees of CNS dependent hyperglycaemia in rats. High doses of neurotensin (100 9g) given intracisternally produce an adrenal medullary dependent hyperglycaemia [2] (Fig. 1) . fl-Endorphin, administered IC or ICV at doses which produce marked changes in motor behaviour or quadraplegia, also produces a hyperglycaemia that does not appear to be dependent on the adrenal gland [2] . Finally, TRF given IC or ICV produces a transient adrenal medullary dependent hyperglycaemia as will be discussed below. Dependence of bombesin's action in producing hyperglycaemia on other known endogenous neurotransmitter agents cannot be demonstrated. The cholinergic agonist, carbachol, placed IC or ICV produces an adrenal medullary dependent hyperglycaemia similar to bombesin [8] (Fig. 1 ). This carbachol induced hyperglycaemia is totally prevented by IC or ICV administration of atropine. However, bombesin induced hyperglycaemia is not prevented by atropine [8] (Fig. 2) . These results would appear to exclude the possibility that bombesin induced hyperglycaemia is dependent on brain cholinergic pathways. Whether or not carbachol induced hyperglycaemia ist dependent on a brain endogenous bombesin-ergic system remains to be determined.
The effects of bombesin on the adrenal medullary sympathetic outflow are reversible and dose-dependent [8] . Furthermore, the actions of bombesin on adrenal medullary epinephrine secretion are totally abolished by administration of various somatostatin analogues as will be discussed below. Attempts to prevent bombesin activation of adrenal medullary epinephrine secretion by administration of centrally acting a-adrenergic agonists such as clonidine have been unsuccessful, thus suggesting that central aadrenergic tone does not influence bombesin-ergic pathways (Brown, unpublished data) . Identification of the site of action of bombesin and development of methods to inhibit its endogenous effects will enable further investigation into the physiological role of endogenous bombesin-like peptide as a regulator of adrenal medullary sympathetic nervous system outflow, and peripheral nutrient metabolism.
TRF
We have recently demonstrated that IC or ICV administration of TRF produces a transient elevation of plasma epinephrine, glucagon and glucose which like the hyperglycaemia produced by bombesin is prevented by adrenalectomy (Brown, unpublished data) (Fig. 1) . In contrast to bombesin which does not produce any apparent effects on cardiovascular sympathetic activity or parasympathetic activity [3] , TRF has been demonstrated to produce elevations in heart rate and blood pressure [1, 11] , suggesting more generalized activation of sympathetic activity. TRF also increases gastric secretion of acid and fluid [25] , and colonic activity, suggesting that this peptide increases parasympathetic outflow [24] . It is evident that while both bombesin and TRF produce elevations of adrenal medullary epinephrine secretion, they have different general patterns of influence on the autonomic nervous system. Like bombesin, TRF is anatomically distributed in various CNS regions which may potentially be involved in determining autonomic nervous system outflow [10] .
Somatostatin and Somatostatin Analogues
Somatostatin and various analogues of somatostatin have been reported to act within the CNS to prevent the hyperglycaemia induced by IC administration of bombesin, carbachol, neurotensin and 2-deoxyglucose as well as stress induced hyperglycaemia [7] . The conclusion that these actions result from CNS effects of somatostatin or some of its analogues is based on the observation that doses of peptide which were ineffective when given peripherally to prevent hyperglycaemia, were effective when given in the brain. In addition, certain analogues of somatostatin given peripherally produce hyperglycaemia but when given IC or ICV prevent hyperglycaemia induced by bombesin, carbachol, 2-deoxyglucose (2DG) and stress [7] . Studies to characterize the mechanism of action of somatostatin analogue inhibition of CNS dependent hyperglycaemia have resulted in the observation that these analogues prevent adrenal medullary epinephrine secretion. (Fig. 2) .
Studies carried out with bombesin, TRF, somatostatin and its analogues demonstrate that brain peptidergic system are capable of modifying adrenal medullary sympathetic outflow and peripheral nutrient metabolism (Fig. 4) . The observation that ODT8-SS prevents changes in adrenal medullary sympathetic outflow and glucose metabolism associated with IC administration of bombesin, carbachol, insulin, 2DG, and stress, demonstrates the importance of adrenal medullary activities in mediating the CNS glucoregulatory actions of these various treatments. These studies in no way exclude the possible importance of direct pancreatic or hepatic innervation by the autonomic nervous system in regulating carbohydrate metabolism. The use of these peptides as pharmacologic probes to further investigate neural mechanisms in the regulation of carbohydrate metabolism may enlighten our understanding of the physiological participation of the brain in the control of peripheral nutrient metabolism. The importance of these observations in various diseases states such as diabetes mellitus is of interest and may shed some light on the mechanisms of stress induced hyperglycaemia, and the role of the central nervous system in diabetes. 17 
Discussion after Brown's Presentation
Niifima: How can you rule out the possibility that the epinephrine acts directly at the liver?
Brown: I make the assumption that at the doses we're using, in the rat, somatostatin has no effect on epinephrine's action at the liver but does block glucagon secretion. Therefore, when we give somatostatin peripherally to animals and inhibit both bombesin-induced and epinephrine-induced hyperglycaemia, the suggestion would be that the epinephrine is not acting directly at the liver, and that its effects are due to inhibition of glucagon secretion. My conclusion assumes that somatostatin has no direct effect at the liver to alter glucose production. Therefore, your suggestion remains possible, but unlikely.
Porte: In regard to that, there are direct effects at the liver in man, if not the rat. We have done studies in which we have given humans somatostatin to clamp the islet and then given replacement infusions of insulin and glucagon. If you then give epinephrine, there's a very significant hyperglycaemia. A similar experiment has been published (Am J Physiol (1979) 237: E 356-362).
Brown: But a clamp is only as good as your belief that the somatostatin is totally inhibiting the islet.
Porte: We also measured the concentrations of these peptides and they didn't change; yet epinephrine still caused a marked hyperglycaemia.
Brown:
In humans, you could test this more precisely by giving propranolol. This can't be done in the rat because the rat allegedly has an alpha adrenergic receptor in the liver for epinephrine just like the B-cell. So the use of alpha-adrenergic blockers would provide only ambiguous data in the rat. In the human, however, epinephrine is thought to act at beta adrenergic receptors in the liver, so propranolol might be useful.
Porte." It's probably much more complicated than you suggest because there are data indicating that the use of propranolol also changes the level of epinephrine in the blood; so the study you suggest would be hard to interpret. That's why we've gone to the clamp experiments in humans. I don't know what's happening in the rat. In the Clog, Sherwin has reported that the effects of epinephrine at: the liver, but not those of glucagon, are inhibited by somatostatin, therefore raising some questions regarding the lack of direct liver effects of somatostatin. (Am J Physiol (1979) 236: 113-119).
Niifima: Can you be certain that your bombesin is not acting peripherally?
Brown: Yes, we've given very large doses peripherally and never influenced epinephrine secretion. But you raise an interesting point about possible compartmentalization of functions in the body. The fact that some peptides do not cross the blood brain barrier puts them into a unique category well-suited for certain transmitter functions. Such compounds may play a particular kind of role in tl)e body.
Shimazu:
Have you administered epinephrine centrally as well as peripherally?
Brown: Yes, we've done that, and it had no effect.
Nicolaidis." Did I understand you to say that the somatostatin analogue you use is a totally selective blocker?
Brown:
Let me explain what I mean. Peripherally, the analogue causes hyperglycaemia, probably via a rather selective inhibition of insulin relative to glucagon secretion at that dose. At higher doses, it inhibits both. At the dose given, then, the ratio of insulin to glucagon favours glucose production. In the brain, the effect is just the opposite.
B. Jeanrenaud:
How much bombesin can you measure in the brain compared to the amount that you inject?
Brown:
We generally inject at a range of 1 to 100 ng. The entire hypothalamus probably has a total of around 1 ng of bombesin; but you must remember that when we administer compounds this way, exact doses become somewhat meaningless since a receptor located a small distance away sees a very different concentration than is released from the cannula. Very steep concentration gradients probably occur. Further, within synaptic clefts, concentrations of substances actually achieved may be very high, perhaps micrornolar.
Uvniis-Wallensten:
Have you looked at enkephalins or other adrenal compounds in your system?
Brown: Yes, we've been interested in the differences between the hyperglycaemia induced by stress and by bombesin acting in the brain. The differences are not terribly obvious. The magnitude of the hyperglycaemia caused by bombesin far exceeds that caused by stress. Since the bombesin effect is totally eliminated by adrenalectomy, I
sought other substances from the adrenals which might be contributing. There were reports that enkephalins are present in the adrenal medulla, so I first showed that the administration of enkephalins didn't alter the response. I then made a series of extractions from the adrenal of the rat and identified a substance which we called "adrenal hyperglycaemic factor" and which, like all factors, may or may not exist. The factor was catecholamine and steroidfree and still caused hyperglycaemia when administered to rats. When we moved to the bovine adrenal, we couldn't isolate such a factor, so we're presently pursuing these studies in the rat.
Could any of your bombesin effect be due to steroids?
Brown: It's unlikely since hypophysectomy has no effect and we cannot measure any change of steroids in the experiments.
What about neurotensin, since there's evidence that it's present in nerves to the adrenal?
Brown: I can't believe that there's enough neurotensin anywhere in the body to produce that much hyperglycaemia. Experiments demonstrating a peripheral effect of neurotensin to cause hyperglycaemia required micrograms.
